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Aba tract 

At the cloae oi th^ U<8. attempt in the com- 
mercial supereonic tranaport market in the early 
1970'a, both the government and aircraft induatry 
recognised chat aignificant technical advancementa 
would bo required to make a aecond generation au- 
peroonic aircraft economically viable and environ- 
mentally acceptable < Conaequently , in 1972, NASA 
initiated a limited effort to advance auperaonic 
technology. The intent waa to identify and invoa- 
Cigate arena requiring new and/or improved technol- 
ogy that would lead to aubatontial improvementa in 
performance. This paper will describe the in-house 
and contracted efforts of NASA Lewis in t'l.o areas 
of engine selection, testbed experiments, .'.nd noise 
reduction research over the decade from 1972 to Che 
termination of the effort in 1981. 

Introduction 

In the early I970's at Che cloae of the U.S. 
attempt in Che commercial supersonic transport 
market, both Che government and aircraft industry 
recognized chat significant technical advancements 
would bo required to make a second generation su- 
personic sirersft economically viable and environ- 
mentally acceptable. Consequently, in 1972, NASA 
iniCiateci a limited effort to advance supersonic 
technology. The intent of this effort, the Super- 
eonic Cruise Research (SCR) program, woo Co iden- 
tify and investigate areas requiring new and/or 
improved technology Chat would lead to substantial 
improvements in performance. 

This was a two-pronged effort involving NASA 
Langley as Che lead center working closely with 
three airframe contractors (Boeing, Lockheed, and 
McDonnell Douglas) and NASA Lewis working with two 
engine contractors (General Electric and Pratt. & 
Whitney) . 

This paper will describe the in-house and con- 
tracted efforts of NASA Lewis in the areas of en- 
gine selection, testbed experiments, ond noise re- 
duction research over the decade from 1972 to the 
termination of Che effort in 1981. It was recog- 
nized at the start of Che program Chat jet noise 
was expected to be the dominant noise source for an 
SST, particularly at takeoff and cutback power. 
Therefore, the suppression of this source of noise 
would be paramount to Che development of a success- 
ful airplane. Jet noise can be reduced by lowering 
jet velocity and raising airflows at takeoff 
through cycle modifications, by employing mechani- 
cal Bupnressor nozzles, or a combination of these 
approacnes . 

At Che start of Che SCR program, it was recog- 
nized Chat mechanical suppressor nozzles tend to be 
complex. Suffer thrust losses, constrain the engine 
cycle when deployed and penalize Che entire mission 
as a result of increased nacelle weight and diame- 
ter as well as stowage losses. Therefore, emphasis 
was on the Variable-Cycle Engines (VCE's) and rela- 


tively simple and efficient noise suppressors. 

This then set the stage for Che SCR studies. 

The Early Years 

As previously mentioned, NASA started Che SCR 
program in 1972. The Soeing/General Electric SST 
effort had been cancelled the previous year. The 
engine on this aircraft was Che GE-4 afterburning 
turbojet (Fig. 1). Important economic and environ- 
mental factors for the aircraft are shown in Fig. 2, 

As originally conceived, the SCR Propulsion 
program was to initially look at a large matrix of 
engines through contracted efforts with GE and F6W, 
with a subcontract from V&U to Boeing to perform 
integration studies. Thti plan was to narrow the 
list of candidate engines to one for each company 
and th^n build demonstrators of each. There were 
additional in-house and contracted efferts in the 
area of noise reduction, inlet stability, and ma- 
terials. This is shown in Figs. 3 and 4. 

During Che initial phase of the contracts, 25 
engine concepts were evaluated (1973). These en- 
gines ranged from conventional concepts to compli- 
cated engines with valving, ducting, and other 
novel approaches. The initial screening redueed 
Che number of engines Co ten in the second phase 
(1974). More detailed analyses were performed on 
these engines until in 1975, the candidates were 
reduced to four. These were a conventional non- 
augmented Low Bypass Engine (LBE) with a mixed flow 
nozzle and a Variable Stream Control Duct-Burning 
Turbofan Engine (VSCE) at Pratt 4 Whitney, and the 
General Electric Double and Single Bypass Engines 
(DBE and SBE). These four engines are shown in 
Figs. 5 ond 6. Both the P4W LBE and GE SBE had to 
be oversized to meet noise requirements or required 
the instollotion of a noise suppressor. 

The narrowing of the engine concepts to 4 was 
based on the overall SCR program as shown in Fig. 7. 
As mentioned earlier, concoritanc with Che Lewis 
sponsored propulsion systems studies, Langley had 
contracted efforts with the three airframers who 
were supplied data packs of engine performance by 
P6W and GE. The airframers then evaluated these 
engines on their airframes. Work was also being 
done on the problems of emissions and noise. The 
driving factors in the selection of these engines 
were the performance of Che engines and Che noise. 

It would, therefore, be appropriate at this time to 
discuss Che early noise work that was done. 

Early Noise Work 

The early noise work focused attention on at- 
tempting to develop simple and efficient noise sup- 
pression devices suitable for and taking advantage 
of the unique features of the Variable Cycle En- 
gines. A consideration in goin- this direction 
was that Che Department of Transportation (DOT) 
initiated a substantial effort on high-velocity jet 
noise suppression in 1972. 
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Dut even before before the tamiinatLon 

of the SST developoient effort) the Lewie Reaearch 
Center wee already Involved In developing the re- 
quired noiee technology. This effort was focused 
on Jet noise for high apocific thruat engines simi- 
lar to the GE-4 and the engines on the Corcordo. 
In-house studies produced a novel suppressor con- 
cept. In 1971. a contract was awarded to Boeing 
for the development of lined ejector technology 
through experiments on model and full-scale roulti- 
tubti suppressor nosslcs. 

In spite of the advances being made on turbo- 
jet type suppressors, it appeared that still more 
innovative concepts would be required to produce an 
acceptcble engine. Therefore, in 1973, Lewis ini- 
tiated contracts with both P&U and GE to conduct 
model tests on duct burning turbofan exhaust not- 
eles, both unsupprossed and with suppressor ele- 
ments in the outer (high-velocity) stream. This 
concept appeared attractive, since the high-veloc- 
ity stream was confined to an annulus (inverted 
velocity profile, IVP) so that simpler suppressor 
elements would be required than for o turbojet, 
which would probably required a full penetration 
suppressor. 

It was acknowledged that "ffocts of flight on 
noise for even the simplest nozzle geometries were 
poorly understood. Because of the importance of 
flight effects on Jet noise and the apparent incon- 
sistency between jet noise trends observed in ac- 
tual flight and in flight simulotion experimenta, 
Lewis in'tiated contract studies with Lockhced- 
Gcorgia and noeing in 1974 on the generation, prop- 
agation, and measurement of jet cxlioust noise in 
flight. To minimize cost, much of the experimental 
noise suppression work was conducted with small- 
scale model nozzles, which produced significant 
noise at frequencies up to 100 kHz, a factor of 10 
beyond the range where accepted methods wore ovail- 
ablc. Thus, to allow such data to be properly 
evaluated, Lewis initiated o study in 1975 of high- 
frequency atmospheric attonuotion conducted by the 
University of Mississippi. The results of this 
study hove been widely used ond provided much of 
the basis for the development of widely accepted 
standord procedures. 

Unsuppressed Connnular Nozzle Results 

As mentioned earlier, the inverted-velocity- 
profile (IVP) exhaust system (Fig. 8) of the duct 
burning turbofan engine appeored to offer the op- 
portunity to employ relatively simple outer-stream 
suppressors. However, early testing indicated that 
even the unoupprossod IVP coonnulnr nozzles offered 
significant noise reduction benefits. This noise 
reduction benefit was evaluated diiferently by dif- 
ferent investigators, as illustrated in Fig. 9. In 
Fig. 9(a), the maximum perceived noise level (PNL), 
scaled to a common size, and normalized for jet 
density effects, is plotted against the mass-aver- 
aged jet velocity, V^g, and compared with the 
noise of a conical nozzle having the same thrust 
and mass-averaged velocity. 0,i this basis, the 
noise reduction benefit is 3 to 5 PNdD. An alter- 
nate comparison is shown in Fig. 9(b), tlic normal- 
ized maximum PNL is plotted against outer-stream 
velocity, Vj^, for cases where Vji S l>5 Vj^ 

(Vj^ is Che inner-stream velocity). The results 
are compared with a "synthesized” noise, which is 
the summation of the noise from a conical nozzle at 
outer-streom conditions and area and that of a con- 


icol nozzle at inner-stream conditions and area. 

On this bosis, the noise benefit of the IVP coannu- 
lor is 6 to 10 PNdB, with Che noise benefit in- 
creasing as the outer nozzle inner to outer radius 
ratio incroasea. In spite of the slight confusion 
brought about by the different compariaon bases, it 
was clear that meaningful noise suppression was 
obtainable with a thrust loss of only 1.5 Co 2 per- 
cent . 

Outer-Stream Suppressor Resulta 

In addition to these unsuppressed basclino 
coannular nozzles, further experiments were conduc- 
ted with suppressor elements such as chutes, Cubes 
or convolutions. Lined and unlincd ejectors were 
a)so evaluated. Results of these studies are shown 
in Fig. 10 on the same "synthoaized" basio as Fig. 
9(b). The croashatched areas represent the outer- 
strcam results, while the dashed linos are repro- 
ductions of the synthesized and unsuppressed coann- 
ular results of Fig. 9(b). At Che higher outer- 
stream velocities, Clie ouppressed configurations 
showed an additional noise reduction of 3 to 7 
PNdD, but at the expense of relatively largo thrust 
losses (as much as 8 percent greater Chan Che un- 
suppressed coannular nozzles). 

Flight E fects 

Although the results discussed so for wen 
quite encouraging, optimism wos tempered by the 
fact that the results were from model-scale stotic 
tests. Recognizing the need for an evaluation of 
flight effects, Lewis initiated simulated-flight 
Coats of unsuppressed IVP coannular nozzles in an 
nnechoic free-jet facility by P&W. Typical results 
at simulated takeoff conditions arc shown in 
Fig. 11. The vorintion of overall sound pressure 
level, OASPL, with outer-stream volocicv, V 2 , is 
shown tor static and simulated flight (Mg “ 0.3) 
conditions for a fixed angle in the aft quadrant 
(0 ■ 130”). "Synthesized" levels are olso shown 
for comparison. The difference between the IVP 
coannular nozzle results and the "synthesized" lev- 
els <as essentially unchanged from static to flight 
conditions. Therefore, the noise reduction bene- 
fits of IVP coannular nozzles were also shown to 
occur in flight. 

SupproBsors 

Although the Lewis effort was now focused on 
the IVP nozzles, suppressors were not being neglec- 
ted. A major DOT/FAA study (with technical support 
from NASA Lewis) was conducted on high-velocity jet 
noise suppression including suppressors for coannu- 
lar cxliausts. 

Testbed Engines 

At the end of Phase 111 of the SCR engine 
studies (1975), the number of candidate engines had 
been reduced to four. The noise work was now fo- 
cused on the IVP coannular nozzles although there 
were concerns about Che scalability of the results 
to full scale engines. The more unconventional GE 
DDE and P&W VSCE represented relatively quieter 
engines, even unsuppressed, but required unique and 
technicolly challenging components such as the duct 
burner, IVP nozzles, variable bypass injectors 
(VADl's), etc. They were chosen as the two engines 
for the testbed program. 
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The NASA testbed engine program at the General 
Electric Co. was formulated to determine the soro- 
mechanical feasibility of the most critical unique 
VCE features of a double bypass engine and to ver- 
ify engine performance and acoustic predictions in 
a series of limited static engine tests. The dou- 
ble bypass engine concept, shown schematically in 
Fig. 12, is a turbofan engine in which the fan has 
been split into two blocks, each with its own by- 
pass duct for better control of the flow over a 
broad spectrum of operating conditions. The en- 
larged front block fan is designed to accommodate 
all the airflow required for takeoff with reduced 
specific thrust (jet velocity) for low Jet noise in 
the double bypass operating mode. The lower-capa- 
city rear block fan is sized for the nominal single 
bypass, high specific thrust operating mode needed 
for transonic and supersonic acceleration and su- 
personic cruise. A selector valve at the entrance 
tc the outer bypass duct is opened for double by- 
pass operation and closed when conventional single 
bypass operation is desired. Variable inlet guide 
vanes (IGV's) control the flow swings into the rear 
block fan which occur between double and single 
bypass operation. In double bypass operation, the 
two bypass streams are merged into a single duct to 
reduce weight and simplify the exhaust nozzle re- 
quireaents. This merger is accomplished via the 
variable area bypass injector (VADl), a tronslating 
cylindrical sleeve which varies the dischavge area 
of the inner bypass duct to match its static pres- 
sure to that of the outer bypass stream for effi- 
cient mixing over a range of double bypass flow 
conditions. In the low-noise mode, bypass flow is 
than brought through cross-over struts to the in- 
side of the plug nozzle, as shown in the view above 
the centerline in Fig. 12. The aft portion of the 
plug centerbody is translated fore and aft to vary 
the exit area and thus control the flow of the cold 
fan stream. The hot turbine discharge gases flow 
around the nozzle support (cross-over) struts and 
over the plug crown to surround the cold fan dis- 
charge stream to provide an inverted velocity pro- 
file for reduced jet noise. In the more conven- 
tional single bypass operating mode, shown below 
the centerline in Fig. 12, all the fan bypass flow 
goes through the inner bypass duct and is mixed 
downstream with the turbine discharge gases via the 
action of drop-chute rear VABI's located between 
the plug nozzle support struts. As with the for- 
ward VABI, the function of the rear VABI is to per- 
form a static pressure balance between the two 
streams for more efficient mixing. Mixing is de- 
sired at flight conditions where jet noise reduc- 
tion is of no concern in order to provide a uniform 
exhaust velocity profile for greater propulsive 
efficiency. To stop the cold flow discharge from 
the inner plug, the aft portion of the plug center- 
body must be translated fully aft in this operating 
mode . 


Another unique feature of the engine concept 
is the rear block fan drive arrangement. In this 
engine, the rear block fan is driven by the high- 
pressure (HP) turbine, as opposed to the conven- 
tional low-pressure (LP) turbine drive arrangement 
for all existing turbofan engines. This unique 
drive arrangement allows an otherwise under-worked 
HP turbine to do more work and allows the enlarged 
front block fan to be driven by a single-stage LP 
turbine. Reduced turbine cooling also results from 
the arrangement because of the increased work ex- 


traction from the HP turbine stage, which reduces 
its average moral temperature, as well as thot at 
the LP turbine inlet. 

The first NASA-sponsored VGE tost occurred in 
1978, but drew upon military test experience dating 
back to 1976, aa indicated in Fig. 13. Both the 
military and NASA programs at GE used YJIOI engine 
hardware as the basis for the test vehicle, with 
modifications as appropriate to incorporate VCE 
features. The YJIOI is a low bypass turbofan pre- 
viously used in the YF17 flight test program, and 
served as the prototype for the more refined FA06 
engine used in the Navy F18 ff'.ghter. The ova lia- 
bility of the YJIOI hardware greatly reduced the 
cost of the VCE testbed program to NASA since these 
engines were military surplus and were furnished at 
no cost. The combined military and NASA YJIOI/VCE 
experience included over AAO hours of testing, with 
the NASA test experience alone accointing for over 
half of this total. 

The first YJlOl/VCE test shown in Fig. 13 was 
sponsored by the Air Force and demonstrated the 
operation of a rear diverter valve with a dual exit 
exhaust nozzle on an otherwise standard YJIOI en- 
Iline. The roar valve allowed the engine to operate 
with the fan and engine exhaust gases either sepa- 
rated or '^ixed. The second test in this sequence, 
also sponsored by the Air Force, was the first dem- 
onstration of the double bypass concept, with the 
three-stage YJIOI fan split so thot there was one 
stage in the front section with two stages in the 
rear (i.e., a I x 2 fan split). This engine re- 
tained the rear diverter valve so that the inner 
bypass exhaust flow could either remain separated 
or be mixed with the primary. Since the outer by- 
pass stream was exhausted separately, a complicated 
three-exit exhaust nozzle was required. The third 
VCE test was sponsored by the Navy and was an eval- 
uation of a double bypass system with a 2 x 1 fan 
split. The rear diverter valve was replaced in 
this engine with a drop-chute rear VABI for im- 
proved mixing. A variable area LP turbine nozzle 
(VATN) assembly was also substituted for the con- 
ventional fixed-geometry stator hardware for addi- 
tional matching flexibility. The first NASA test 
configuration, shown schematically in Fig. lA , in 
addition to the features of the previous Navy vehi- 
cle, incorporated a forward VABI to allow the merg- 
ing of the inner and outer bypass streams into a 
single bypass duct. This saved weight and greatly 
simplified the nozzle by permitting a conventional 
military single-exit configuration to be used with 
the rear VABI mixing all the bypass flow with the 
primary . 

In the forward VABI test, transitions from 
single to double bypass operating modes, and vice 
versa, were successfully demonstrated without any 
observable aerodynamic instabilities or mechanical 
problems. Data obtained during this test in June 
1978 (Fig. 15) indicate the airflow and sfc advan- 
tages of double bypass operation at constant 50- 
percent tiirust throttle conditions. This type of 
operation is representative of cut-back at the take- 
off fly-over noise measuring station or subsonic 
cruise. Figure 15 shows that a 29 percent increase 
in airflow is possible in double bypass compared to 
normal single bypass operation without exceeding 
the minimum sfc in single bypass. At cutbt'k, this 
could mean a 6-10 PNdB reduction i .i jet noise be- 
cause of the lower jet velocity. At subsonic 
cruise, the greater mass flow implies reduced 
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throttlfl'-dapendent Initallatlon drag becauie Che 
inlet apllUge and noiile boattail are reduced. If 
leaa than the full 29-percent increase in airflow 
ia needed in the installed performance optimisa- 
tion, Fig. 15 also shows that uninstalled sfc im- 
provementa of up to 5 percent can be obtained in 
double bypass with at least 13 percent more airflow 
than best afc operation in single bypass. 

After Che com. •* lion of Che forward VADl test, 
the engine was tl >. reconfigured as shown in Fig. 

16 for an aero/acoustic test which occurred in an 
outdoor test facility at Edwards AFB, California, 
in October 1978. This became Che fifth test in the 
YJIOI/VCE sequence shown in Fig. 13. To obtain 
this configuration, the military nosslo and Navy 
r<!ar VABl were removed and replaced with a coannu- 
lar plug noBsle with an integrated rear VABl assem- 
bly similar to Chat in tlie conceptual product VCE 
shown in Fig. 12. A photograph of this engine on 
the test stand at Edwards is shown ii. Fig. 17. A 
laser velocimeCer used to make a plume velocity 
survey can also bo soon to Che side of the nosslo 
in this photograph. In addition to several cosr.nu- 
lar plug nosslo configurations of different oulsr 
radius ratio, a fixed-geometry mixed flow conical 
nosslo was also used as an acoustic .'oference, 
ocher than Che acoustic evaluation of the coannular 
plug nosslo system, which will be presented later 
in this paper, one of the major objectives of this 
test was tr. assess the loasoa in the bypass system 
from the fan discharge through the nossle flow- 
inverting struts. Those losses are shown in Fig. 

18 for both double and single bypass c,)erncion.. 

At the louble byposs strut design flow condition, a 
predicted thrust loss of around 2 percent was ox- 
peCCed, but the actual measured loss, as shown, was 
much less and only slightly greater than that in- 
curred in single bypass where the strut (low was 
much lower. A pressure lose evaluation of the hot 
stream from the turbine frame aft also indicated 
that the low-loss configuration was obtained lor 
this stream, ond that no major performance penal- 
ties occurred duo to the rear VABl ot flow around 
the cold flow inverting system. Comparisons of hot 
stream Loss data were made between the coannular 
plug configurations and the reference nossle, both 
with the rear VABl, and differences wore barely 
detectable. The mixing effectiveness of the new 
drop chutes - generally above 90 percent - indica- 
ting that the ideal thermodynamic thrust gain due 
to complete mixing was approacliud. 

The Edwards acoustic test VCE was used next in 
a test of the Navy Full Authority Digital Electronic 
Control (FADEC), as indicated in the test sequence 
chart of Fig. 13. The coannular acoustic nossle, 
however, was removed and replaced with the conven- 
tions ainglo-oxit variable area military nossle. 

The rationale for using the NASA VCE con f igurotion 
for this test was that it had more variable geome- 
try features than any other engine and would, 
therefore, provide a better tost of the capability 
of the new electronic control system. The FADEC 
test was completed at n CF-Lynn test cell in 1960. 

After Che completion of the Edwards acoustic 
test 'n the fall of 1978, NASA embarked on the con- 
struction of a core-driven fan stage (CDFS) testbed 
configuration which provided a closer aerodynamic 
and mechonical simulation of the conceptual engine 
shown in Fig. 12. The rear block fan in the CDFS 
testbed design was closer coupled space-wise to the 
HP compressor chan in the earlier testbed, and the 
core drive arrangement, by providing a higher rota- 


tional spood, allowed the up diameter of the fan 
to be reduced for improved outer bypaaa duct aero- 
dynamica, A different YJIOI core apool was used so 
that the required modifications co>' made in 
parallel with the Navy FADEC test. CDF6 modi- 

fication was such si extensive dop <o from pre- 
vious experience t’lst s separate Cu « teat was 
deemed approprlatr. The core test configuration, 
which incorporated the now fan stage as well as Che 
bypass ducting and new forward VABl system, is 
shown schematically in Fig. 19. Hodification of 
the YJIOI high spool to this new configuration re- 
quired redesign and relocation of major engine 
structural frames and a change in Che shaft bearing 
and support arrangement. This core configuration 
was successfully tested in the summer of 1980 in a 
GE-Evcndalc ram test facility which allowed the 
simulation of the front block fan discharge condi- 
tions at Che CDFS inlet. A photograph of the core 
test vehicle being moved into the ram teat facility 
is shown in Fig. 20. During the core tost, the en- 
gine and Ian stage both operotod quite well, with 
very low vibration levels throughout the test. No 
CDFS blade instabilities were found, and a review 
of rotor/svaCor strain gage data showed that 
BtroascB wore gonorolly only 30 to 50 percent of 
design. The now forward VABl system, with tl)o 
flapper-typo double bypass selector valves located 
between Che midframo struts, worked quite well in 
the test. The inner bypass duct, Itowever , socmad 
to bo somewhat undersized and tended to choke and 
produce a highor-thon-oxpocted roar block operating 
lino in single bypass operation. The fan stage 
aerodynamic performance itself was quite good, with 
the airflow and stall lino both higher than predic- 
tions. Tlie unique delta vanes, which were i.i- 
sCallod on the outer wall ahead of Che fixed OCV's 
in the inner bypass duct (see Fig. 19) also proved 
to be effective in reducing the incidence angle on 
Che OGV's during low flow operation typical of dou- 
ble bypass conditions. Tl)c decision wos made to 
retain these rcmovoblo delta vanes tor the full 
engine test because of their apparent beneficial 
effect over a range of operating conditions. 

The full engine performance tost with tl>o CDFS 
core was the last test shown in the Fig. 13 se- 
quence and wos completed at Edwards AFB in January 
1981. The front block fan, VATN , and LP turbine 
were obtained from the FADEC tost engine and com- 
bined with the CDFS core from the previous NASA 
tost. A rear VABl from a previous VCE configura- 
tion was also used and combined with a stondard 
single-exit YJIOI variable exhaust nossle. A pho- 
tograph of this engine on the test stand is shown 
in Fig. 21. 'sen combined with the coannular plug 
nozzle for the BubBoq..ont acoustic test, as shown 
schematically in Fig. 22, this testbed engine em- 
bodied virtually every feature of the Fig. 12 con- 
ceptual engine, with the exception of the enlai.^ed 
front block fan and the advanced core hot section 
In the performance test, the engine m; t its overal 
pretest performance gools, especially with respect 
to the matching characteristics of the CDFS com- 
pression system. Some core compressor apeed/- flow 
liysteresis was observed during the test, however, 
and was later attributed to looseness in the HP 
compressor variable ICV system. A gradual perform- 
ance IwBB was also observed over the A3-hour dura- 
tion of the test and, by a process of elimination, 
was attributed to a deterioration in the perform- 
ance of the core turbine. Possibly the most inter- 
esting result obtained from the full engine per- 
formance test was the airflow extension comporison 
between double ond s'rjile bypass operation nt a 
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conatanC 50 poiccnt thrust, aa ahovn in Fig, 23, 
Doublo bypaaa operotion pvovidod a 40 percent in- 
crease In alrdow wultout any afu penalty, compared 
to the aingle bypaaa beat sic operating point. The 
boat aCc in double bypaaa ia about 8 percent lower 
tbon in single bypass and the airllow ia about 19 
percent higher, As mentioned previously in connec- 
tion with the (orward VAUl teat resulta (Fig, 15), 
this increase in airilow could reduce throttle- 
dependent external drag at subsonic cruise condi- 
tions. Caution should be exorcised, however, in 
mahing a direct comparison between the CDF8 airflow 
extension results ond those from the forward VAUl 
test. The undersieed inner bypass duct and the 
overworked core turbine in the CDF8 engine tend to 
adversely affect single bypass performance while 
having little effect on doublo bypass operation. 

The doublo bypass advantage, therefore, may bo 
somewhat overstated in Fig, 23, With a properly 
dcsignod system, it is expected that the CUF8 dou- 
blo bypass advantage would Ho somewhere between 
the results indicated in Figs. 15 ond 23. 

About 2 hours into the CDFS acoustic tost, 
after the change-over to the nosilc configuration 
dopicted in Fig, 22, a major engine failure oc- 
curred. This coonnular nossle hod been evaluated 
previously in the the 1978 Edwards tost and woo 
undergoing o recol Ibrnt ion when the toiluro oc- 
curred. An extensive Inveatlgotion rovoolod that 
the first-stage HP comprosdor blode failure which 
occurred was precipitated by loose and individually 
miapos it ioned HP IGV's which created a source stim- 
ulus for the rotor blading. Tlio failure occured at 
high power during conventional single bypass opera- 
tion with all variable geometries at their normal 
Bettings. The failure was not relolcd to any of 
the unique VCE foaluros or operating conditions, 
but was probably caused by o basic delicioncy in 
tl»o VJlOl HP compressor ICV design, which l>us boon 
corrected in the more mature F404 follow-on engine 
design. For this reason, it is recommended that 
any subsoquent engine testing ot a similar nature 
should employ the F404. 

Pinna had been made and hardware had been 
built for additional acoustic suppression dovic«s, 
including a multi-element onfer stream suppressor 
(Fig. 24) for the coannuln.- plug nortle mid an add- 
on ocoustically-treatod ejector. A boiler-plate 
hybrid occolorating inlet from a previous DOT/FAA 
experimental program was also modified for inclu- 
sion on the testbed engine in order to address the 
fan/ in let acoustic interaction problem. Figure 25 
shows o schematic of oil those components as they 
would have been assembled on the testbed engine in 
the planned Edwards ocoustics tost. These compo- 
nents, however, were never evaluated because of the 
termination of the test program after the engine 
V'silure. A model noeelo acoustic and aeroporform- 
nnee program has been expanded in the lost yoor to 
evaluate some of those and other concepts with the 
potential for additional noise reduction. 

Vorinblc Stream Control Engine (VSGE) 

Figure 26 is a soiiemntic showing the basic 
arrangement of the major engine components of the 
Pratt 6 Wliitney variable stream control engine 
(VSCE). Also shown is an illustration of the in- 
verted jot velocity profile at takeoff. Tlie engine 
is a twin-spool configuration similar ti n conven- 
tional turbofan but with the added feature of o 
burner in the fan duct. The VSCE do', ives its name 


from its ability to Indepondently control thr pri- 
mary and bypass streums. The fan and coiaprosor 
both have variable geometry components and are 
driven by advanced technology turbin s. The main 
burner and duct burner both use low-coiaaiona , high- 
efflciency combustor concepts, based on NASA's 
Clean Combustor program. The coannular notslo pro- 
vides voriablo throat areas for the core and fan 
duct flow and also includes an ejector - thrust- 
ruveraer system. 

The flexibility of this concept to meet the 
diverse requirements of low jet noise at takeoff 
and good fuel consumption at cruise can best bo 
illustrated by describing the operation st its 
three most critical operating conditlonsi takeofi, 
suboonic oruiau, ond auporsonic cruise (Fig. 27). 

At takeofi, the primary stream ia throttled to 
on intonueiiato power setting while the duct burner 
is onoiatcl at its moximum design temperature. The 
indupendert control of the two stroama provides the 
unique inverted velocity profile ttiat ib needed to 
take odvantago of the coannuular uoebIo noise beno- 
llt. The L-yposs jot velocity is about 60 to 70 
percent higher than the primary jet velocity. This 
inverted velocity profile provides a aignificant 
reduction in takeoff Jot nofoo. 

At subsonic cruise, the main hurnei is ilirot- 
tlod to a low temperature and the duct burner is 
turned off. Variable geometry features ore used to 
"higli flow" the engine to match the inlet airflow 
and thus reduce both the inlet spillage drog and 
tite noxele boatlail drag. The velocity profile is 
nearly flat, ond the engine approaches the perform- 
ance level of a moderate bypsaa ratio 'urbofan en- 
gine designed strictly for subsonic optrntion. 

At supersonic cruise, tbc primary burner Lcm- 
peroture is incrensod relative to tukeoil, and the 
duct burner is operotod at part power. The result- 
ing velocity profile ogaln is nearly flat lor good 
propulsive oificicncy, and thin concept then pro- 
vides a fuel consumption that approaclius that ot a 
turbojet cycle designed exclusively for supoaonic 
cru iso . 

A comparison of the VSCE with Pratt & 

Whitney's component testbed configuration is shown 
in Fig. 28. The NASA component testbed program nt 
Lewis began in 1976 to provide a lurgo-scalo evalu- 
ation of some of the unique and critical coinponenta 
of the selected VCE concoplii. To keep the costs to 
a minimum, the critical component hardware is ap- 
plied to existing high-technology onginos. In the 
Prutt 6 Wliitnoy progrom, tl>e testbed system is de- 
signed to provide n largo-scnlc evaluation oi two 
ol the most critical technology components of tlie 
VSCE - the low-emiss ions duct burner and Clio low- 
noise coannular nocxlo. Those components are added 
at the back ot an F-lOO engine which is used as a 
gns generator. The F-lOO engine has the Lost po- 
tential to simulate the desired oxhouat conditions 
of the VSCE without any major modi t icat ions . 

An ocro/acoustic dcaign procedure for coannu- 
lor no&xlofi was applied to soverol candidate ex- 
haust systems to identity the most attractive nox- 
sla for the VSCE. A schematic of the selected de- 
sign is shown in Fig. 25. At supersonic cruise, 
the nOExlc is a convention.! I eonvergent-divergont 
configuration. Two internal clamshells are posi- 
tioned to provide the initial portion ol the expon- 
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•ion (urCace of the ejector ahroud. Variable 
throat aroaa are provided for both the pr inary and 
fan flows. At low-speed conditions, the nosalo 
converts to an auxiliary inlot ejector. Actuated 
inlet flaps are opened to admit external airflow 
into Che shroud. Panels located immodiacely down- 
stream of the double-hinged doors are translated 
aft to provide additional area for the ejector, and 
the internal clamshells are aligned with the inlet 
flow. Floating tail feathers are aorodynainically 
positioned to provide Che proper exit flow area. 

The clamshells are also used for thrust reversal by 
rotating them back to the nosElc centerline. The 
reversed flow is then expelled through the open 
inlet doors. 

Scale models of this noeslc configuration wore 
tested in Che Lewis 8 by 6 Foot Wind Tunnel (Fig. 
30} in the Fall of 1976. Thrust performance levels 
were established for this nozzle design at both 
subsonic and supersonic speeds. The results of 
this experimental investigation ar'/ shown in Fig. 

31. The meosured nozzle thrust coefficients are 
compared to the SCR study goals at three critical 
flight conditions - takeoff, subsonic cruise, and 
supersonic cruise. The supersonic cruise point is 
simulated at Hsch 2.0, Che highest Hach number 
available from the wind tunnel. The performance at 
this flight condition is very good. This is en- 
couraging since this is the moat critical operating 
point for the exhoust system. Tlie low-speed per- 
formonce was disappointing,, especially at subsonic 
cruise where Che measured performance levels are 
from 5 to 6 counts lower than Che study goals. 
Diagnostic tests of the subsonic cruise configura- 
tions showed that the lower performance levels were 
the result of an aerodynamic flow soporation over 
the inlet doors of the ejector. It was obvious 
that additional work was required to improve the 
off-design performance of this ejector nozzle con- 
cept . 

This concern resulted in a redesign of the 
nozzle and a follow-on wind tunnel test of an im- 
proved nozzle configuration. The aerodynamic rede- 
sign requirements were intended to provide improved 
performance at Che critical off-design operating 
points. This was accomplished by reducing the 
ejector inlet turning angles, minimizing internal 
overexpans ions and static pressure mismatches, and 
minimizing corc/bypass flow impingement angle. The 
improved nozzle configuration was design and fabri- 
cated and is currently being tested in the Lewis 
8-by-6 Foot Wind Tunnel . 

An analytical screening study of low emissions, 
high-performance duct burner concepts in 1976 indi- 
cated that s throe-stage burner, operating on the 
vortex burning and mixing concept (vorbix), offered 
the beat configurotion for the testbed engine with- 
in its risk and schedule constraints. A schematic 
of the selected configuration is shown in Fig. 32. 
The requirement that the duct burner be capable of 
operating smoothly over a wide range of fuel-air 
ratios leads to the need for a multistage combustor 
system. The first, or pilot prechamber, stage is 
sized for stable operation at very low fuel-air 
ratios to provide a soft light and to minimize dis- 
turbances to the fan operation. The combined first 
two stages (pilot prechamber and pilot secondary) 
are designed to operate at supersonic cruise, and 
the third, or high power, stage is designed to op- 
erate only during takeoff and transonic climb. 


Emissions and performance measurements were 
obtained for this throe-stage vorbix configuration 
in both a two-dimens ions < se^ent rig test in 1976 
and in the FlOO component testbed engine in 1979. 

In general, the data from the seg;ncnt rig test were 
consistent with the data from the testbed engine, 
demonstrating the ability of the segment test rig 
to accurately model the full annular phenomena. 
Acceptable operating character iatics were demon- 
strated. both performance and emissions results 
wore generally bettor Chan the program goals. 

Emissions measurements from these experimental 
tests at two simulated flight conditions, takeoff 
and supersonic cruise, are onown in Fig. 33. The 
design >^0016 for carbon .nonoxide (CO) and unburnod 
hydrocarbons (THC) arc based on a combustion effi- 
ciency of 99 percent. These goals are intended 
only as a standard for comparison and are not rela- 
ted to any pronosed or established regulation for 
advanced supersonic aircraft. Since Clio meaaurod 
combustion efficiencies are very high (near a value 
of 100 percent), the emissions levels for CO and 
THC are well below the design goals. The design 
goal for oxides of nitrogen (N0,() is the lowest 
value that can bo obtained with this duct burner 
concept and assumes complete mixing. The measured 
NOx emissions levels are quite low ai.d very near 
Che goals at both takeoff and supersonic cruise. 

It should bo pointed out that the duct burner only 
cuntributes a small part of Che overall engine NOx 
emissions when compared to the main burner, os can 
be seen in Fig. 36. 

In Fig. 36 the projected omissions character- 
istics of the VSCE have been updated Co reflect the 
duct burner emissions measurements from both the 
segment rig and testbed engine tests. The data 
used for projecting the emissions of Che main 
burner were bosod on results from the Clean Combus- 
tor program, and the main burner was assumed to be 
a two-stage vorbix concept. Figure 36 shows the 
projected omissions levels for both Che airport 
vicinity and at altitude cruise. The shaded area 
depicts emissions from the main burner, while the 
unshaded area shows the emissions from the duct 
burner. The results at Che airport indicate that 
the engine is capable of meeting the 1966 emissions 
requirement Cor the doss T5 advanced supersonic 
transport engines. The NOx emissions at high- 
altitude cruise are higher than the proposed Cli- 
matic Impoct Assessment Frogram (or CIAF) goal of 
3.0. Although the requirements of altitude NOx 
are not yet established, if they ore constrained Co 
this proposed ClAP level, more advanced emissions- 
rcduction technology must be employed to meet the 
goal. This is porticularly true for the main 
burner, since it produces nearly 90 percent of the 
total NOx emissions at altitude cruise. 

The VSCE/FlOO component testbed program was 
completed in the Fall of 1980 when Che acoustic 
test was conducted at Docing's acoustic test site 
neor Donrdmon, Oregon, Fig. 35. (Results of the 
acoustic test ore discussed later in tills paper.) 
The model nozzle program is continuing with an ef- 
fort to improve nozzle performance, especially at 
the off-design conditions whore the measured per- 
formance Co date has been poor. 

In summary, the performance :nd emissions mea- 
surements obtained to date from the component test- 
bed program at Pratt 6 Whitney have been very en- 
couraging. Successful operation of these advanced 
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and unique ongino caapononcs have removed aome of 
cho technical barriera that haa previoualy inhibi- 
ted the dcvelopniont ol an advanced aupersonic 
cruiao aircraft. 

jiaatbed Acouatica 

The teatbed acouatica prograina were addr laaod 
primarily to the development of prediction proce- 
duroe and the demona trot ion of IVP noiae benefita 
at large acale. 

IVP Noiae Prediction 

Since the noiae is a complicated function of 
tlow-fiold and geometric voriablea, it ia noccaaary 
to go beyond aimplo plote auch aa Fig. 9 to corre- 
late the dota. The complexity of the IVP jet noiae 
generation proccoaco ia ahown in Fig. 36. Aa many 
as four noiao-geiiorating regiona muaC bo consi- 
dered. It is the differing trends of these differ- 
ent noise sources with operating conditions thot 
looda to the existence of a minimum noise as velo- 
city ratio increases. The low-frequency noise is 
generated well downstream of the nozzle where the 
two flows have mixed and can no longer bo diotin- 
guiahod^ this is termed the merged region. The 
higher frequency Jet mixing noiae is generated in 
the region near the nozzle exit where the indivi- 
dual jots can still be identified; this is termed 
the premeitjod <-egion. When either or both streams 
are supersonic > noise can bo generated by turbulent 
eddies passing through shock waves; thus, we must 
in general consider inner-stream shock noise and 
outer-stream shock noise. 

Empirical models relating these noise-genera- 
ting processes to those of a conical nozzle hove 
been developed. Small-scale, plugless, counnulor 
nozzle expcrimontnl spectra are compared with pre- 
dict Iona in Fig. 37. bound pressure level is plot- 
ted against frequency for an angle of 120", in the 
roar quadrant, in Fig. 37(u). For this case both 
streams are supernonic, so nil tour noise sources 
must bo consider < ; but it is tlie jet mixing noises 
that dominate nt this angle. The shock noise lev- 
els contribute somewhat in the high-frequency range 
but not as much as the premerged mixing noise. 
Results for the some conditions, but in the forward 
quadrant ot 0 «» 7.')°, arc shown in Fig. 37(b). It 
is apparent that shock noiae is much more important 
in the forward quadrant than in the rear quadrant. 
The inner-stream shock noise dominates the midfre- 
qucncy range and determines Clio peak sound pressure 
level. The outer-stream shock noise controls the 
high-frequency range. Although t'le relative con- 
tributions of the various sources arc different in 
the forword and roar quadrants, the spectra nt both 
angles arc predicted witli good accuracy. 

Lorgc-Scttlc Verification of IVP Concept 

The acoustic chnrocteristics of IVP coannulor 
nozzles, originally detennined from a scries .‘f 
model-scale tests, were first verified on an engine 
during the NASA-General Electric Double Bypass En- 
gine Testbed acoustic tests. Typical results ore 
shown in Fig, 38 for the VCE testbed coannulor plug 
nozzle as well as for a similar model nozzle at 
essentially the some conditions, with a mixed jot 
velocity of about 590 motors per second. For both 
the engine and the model, the expurimontal results 
ore scaled up to n typical nroduc t-engine size 
(total exhaust area, 0.90 m^ ) at a typical side- 


line distance (slant range, 731.5 m). The results 
are also compared with the prediction procedure. 
Perceived noise is plotted as o (unction of angle 
in Fig. 38. The model results are verified by the 
engine results. The engine rooulta are on average 
of O.B PNdD below the model results, and the stand- 
ard deviation between the two data sots is 1.5 PNdB. 
The overall accuracy of the prediction method is 
also confirmed by the testbed data. The average 
bias of the prediction with respect to the testbed 
dato is less than O.l decibel, and the standard 
deviation is 1.5 decibel. The predicted contribu- 
tions of the combined jet mixing nuiscs (merged 
plus premerged) and the shock noises (from both 
streams) arc also shown. Although the jot mixing 
noise is moat Importont in this case, the shock 
noises contribute somewhat in the forward quad- 
rant. Although not shown hero, at higher power 
settings and in flight, the shock noise becomes 
oven more Important ond contributes significantly 
to the effective perceived noise level. 

Duct-Burner Noise 

Tests of the HASA-Pratt 6 Wliitnoy VSCE testbed 
not only provided further verification of the IVP 
noise reduction benefits, but also provided the 
first opportunity to determine the importance of 
combustion noise from the duct burner. These tests 
also provided a large scale evaluation of the in- 
fluence of the ejector with and without acoustic 
lining. Experimental data at high fuol-to-olr ra- 
tio are compared with prediction nt angles of 90® 
and 120° in Fig. 39. Good agreement can bo seen in 
general, and duct burner noise is seen to be sig- 
nificant, chough not controlling. The significance 
of duct burner noise is expected to increase some- 
what In (light and also limits the potential bene- 
fits of jet noise suppressor nozzles. Ejector re- 
Bults, shown in Fig. AO, indicate that the lined 
ejector can provide substantial noise reduction, 
and even the hardwall ejector provides some noise 
reduction at lorgo angles. 

The Later Years 

At the some time that the testbed engines and 
noise experiments were being run, cycle calcula- 
tions continued on the lour "candidate" engines. 

3'he two conventional engines were being considered 
as viable alternatives to the variable cycle en- 
gines. Remember, that the cxporimoiuol programs 
were looking at the barrier technologies to suc- 
cessful VCE’s. In addition, effective low loss 
suppressors wore being developed under the sponsor- 
ship of DOT/FAA and NASA. The engine companies 
were generating data packs for engines tailored to 
the three different Mach numbers of the three alr- 
(ramers (2. A Boeing, 2.55 Lockireed, ond 2.2 
McDonnell Douglas). 

PiW was funded in 1977 to do a refined design 
definition of the VSCE incorporo t ing the latest 
results from the duct burner and coonnular nozzle 
experiments. It consisted of an updated design of 
all the major engine components to ensure reason- 
able engine flowpaths with emphasis on the hot sec- 
tion of the core. The engine went through the pre- 
liminary design group end was "weighed" on o compo- 
nent by component basis. This is shown in Fig. Al. 

The siajor changes thot occurred were a result 
of finding that the cooling requirement assumption 
(or the hot section had been overly optimistic. 
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This csuaed P&W to reduce the overall engine pros> 
sure ratio from 20 to 1} and to put a heat exchan- 
ger in the bypass duct to prccool the turbine cool- 
ing air> Interestingly I thic causod a decrease in 
specific fuel consunption. This updated version of 
the engine was given the designation VSCE-513 ver- 
sus the original VSCE-502. 

In 1976) the design definition study contract 
was extenusd to perform a similar design definition 
of the LBE and a version of the LBE where a flow 
inverter was used to take the bypass air into the 
center of a cosnnular nossle and the core sir to 
the outside. This engine (the IFE for Inverted 
Flow Engine) would, therefore, be expected to have 
reduced noise because of the inverted velocity pro- 
file relative to the mixed flow exhaust of the LBE. 
Of course, it would bo heavier because of the flow 
inverter. In addition, a design study was done on 
the VSCB-51J with sn outer stream aupprossor. The 
goal was to reach the proposed new noise limit for 
subsonic aircraft FAB Part 36 (1969) stage 3. Sup- 
pressed versions of the LBE and IFE were also stud- 
ied. 

The outer stream suppressor did not appear to 
significantly benefit the noise obtainable by the 
VSCE. In order to have a suppressor, the duct 
burner temperature had to be dropped from 2600° to 
2000° F which caused a reduction in the inherent 
coannular noise benefit of the cycle. The sup- 
pressed LBE did benefit while the IFE did not. 

As we shall soon see, the original BCR Program 
goal of finding the best two engines through the 
process previo)-«ly illustrated in Fig. 3, instead 
resulted in expanding the number to whore 5 engines 
still appear to be ottractivc. 

Booing, under contract to Langloy, conceived 
of a new engine designated the Turbine Bypass En- 
gine (TBE). The TBE as okiginally conceived was a 
two spool turbojet where the high-pressure turbine 
was undersised. Under high-power operating condi- 
tions, compressor discharge air (up to 23 percent) 
was bypassed around the h igh-preosure turbine and 
then reintroduced between the two turbines. As the 
turbine inlet temperature was reduced in throttling 
back the engine, less and less air was bypassed to 
maintain constant corrected flow through the lU’T. 
This enabled to turbojet to maintain 100 percent 
engine speed over a wide range of power settings 
with significant improvements in urinstsllcd speci- 
fic fuel consumption and reduced Installation ef- 
fects by maintaining airflow to reduce inlet spill- 
age and nozelc boattail drags. Boeing subcontrac- 
ted with P&W to study this engine. Subsequently, 
it was found that a single spool version of this 
engine would perform just as well and alleviate the 
problem of reinjecting the bypass air between the 
two turbines. The single spool version of this 
engine is shown in Fig. 42. 

The simplicity of the single spool version of 
the TBE with its ability to maintain airflow at 
reduced power settings made it very attractive. 
Being a high specific thrust engine, it would how- 
ever require some form of a suppressor nozzle. 
Therefore, Lewis contracted with P&W to do a pre- 
liminary design of the TBE in I960 and compare its 
performance to that of the other three engines 
(VSCE, LBE, IFE). 

The results of this study are shown in Fig. 

43. The TBE is designated the VCE-702. As can be 


seen from the figure, the unsuppressod V6CE and 
suppressed V8CE, LBE, and TBE engine are quite com- 
petitive ot the low noise levels used in this 
study. The airplane used by P&W in this study was 
Che Lsngley AST-103 at a Hsch number of 2.4. Since 
the "best engine" might vary from airframe to air- 
frame (and with Hach number), it was decided to 
have each of the airframeri look at these throe 
engines in 1961 and eliminate the IFE. Contracts 
were being prepared when the BCR Program was can- 
celled. 

Wo will now discuss the engine studies done by 
CL in the later years. The reader must bo cau- 
tioned not to Cry to compare the performance of P&W 
and GE engines. Tlie contrsctori' wore asked to pro- 
ject engine technology to the late 1980's and Che 
projections are different. Hence, P&W studying Cho 
GE cycles would not predict the same porfonnance 
and vice versa. 

The General Electric engines still under con- 
sideration at Cho time of selection of the testbed 
engine were the DBE and Che SBE. In 1977, GE was 
funded to reoptimize Cho design parameters of these 
two engines, with and without suppressors, to try 
to achieve lower noiso levels. They were also Co 
address the major variable cycle components in Che 
DdE, removing them one at a time, to asaoas which 
hod high payoff an^' which could be removed to yield 
a simpler engine. 

The major conclusions reached in this study 
was that the front VABl enabling the engine to have 
0 double bypass was the major payoff item in Clie 
DBE. The elimination of tl)c rear VABI and fixing 
Cho area of the low pressure turbine had marginal 
impact. The SBE with full stream suppressor is 
competitive with Che DBE with either a full or 
outer streom suppressor at low noise levels. This 
is shown in Fig. 44. 

The simplicity of the outer versus full stream 
jppressor on the DBE led to the conclusion that 
the outer stream suppressed DUE and full stream 
suppressed SBE were the two engines thot would con- 
tinue to be considered 

Having identified the importance of Cho vari- 
ous VCE features, it was Chon decided (in 1979) to 
try to identify the high payoff technology items 
between a current technology (1980) and a for term 
(late 1960'b) engine. It would then be possible to 
recommend the highest priority items Co pursue. 

This was done by taking a current technology engine 
(designated the V85) and adding new technology in a 
cumulative manner. Some technologies cannot be 
added until another has been added first. The re- 
sults of this study are shown in Fig. 43. The 
highest payoff by far is for advances in the hot 
section which if you accumulate Che changes for 
thermal borricr coatings, advanced technology tur- 
bines (including reduced cooling), and high turbine 
inlet temperature account for 11 percent of the 16 
percent improvement. 

In 1981, GE woo asked to look at the sensitiv- 
ity of the advanced technology DBE to turbine inlet 
temperature. The cycle parameters were to be re- 
optimized 08 temperature changed (bypass ratio, fan 
pressure ratio, and overall pressure ratio). The 
results of this study arc shown in Fig. 46. Since 
the cooling requirements arc being changed as the 
turbine temperature is changed, and Che cycle pa- 
rameters have been allowed to reoptimize, the re- 


8 


ORIGINAL P'"'V! ,4 

OF POOR Q J.alITY 


■ulCo show that the edvancoa technology, not tho 
actual tenporaturo level is what ia important. 

As waa Lhe caao with P6W, it was planned to 
have tne throe airframore look at tho latoet ver- 
sions of the OBE and SBE when tho BCR effort was 
torts insted. 

Results of Lhe testbed program and subsequont 
analyses indicate that noiso levels approaching 
FAR-36 stage 2 stay bo attainable by unsupprossod 
veriablo cycle engine. Ilowovor, to ^chiovo noise 
levels comparable to Stage 3, suppression will bo 
required. Revived int. ' sst in high specific thrush 
engines, such as tho Turbine Bypass Engine also 
nocossitstoB the development of new noise reduction 
concepts. Several concepts have been proposed, ond 
four of the moot promising, currently under Inves- 
tigation, are diacuosed below. 

Later Years Noise Work 
Outer Streoiii SupproBsor With Lined Elector 

Model-scale (outer stream suppressor) eimulo- 
tod flight experiments have shown that noise levels 
on Che order of A PNdD below tho unsuppresood co- 
annular noEslo con bo achieved. Furthermore, some 
of thi more recent studies hove shown reasonable 
thrust losses for such devices. The addition of on 
acoustically-treated ejector (Pig. 47(a) could pro- 
vide still further noise reductions. Tho evolution 
of noise reduction concepts for dual stream nozzles 
is illustrated in Fig. 47(b). Relative to a rofer- 
onco mixed-flow conical nozzle baseline, tho un- 
suppressed coannular nozzle reduces noiso primarily 
in tho middle frequency range. An outer stream 
suppreoBor can provide additionol noise reduction, 
mainly by reducing the low frequency noise. The 
remaining high-frequency noise, from mixing of the 
individual suppressor clement jets, can be reduced 
with a lined ejector. Aerodynamic ond acoustic 
studies of such concepts at model-scale have been 
initiated; in addition to ejector lining, acoustic 
treatment of tho plug will be investigated. Addi- 
tion noiso reductions oi about 4 PNdB arc expected. 

Thermol Acoustic Shield 

Another concept for reducing high-frequency 
noise is the thermal acoustic shield, illustrated 
8 in Fig. 48(a). The relatively low-velocity, high- 

temperoture , partial annular shielding stream re- 
duces the noise on the shielding side (toward the 
observer) both by reducing tho ohoar on that side 
and by redirecting tho noise that is gon''.'ated away 
from tho observer. Typical noise spectra for a 
subsonic primary jet at three angles 0 “ 45° (for- 
ward quadrant), 0 » 90° (overhead), and 0 •» 135° 

(ait quadrant) are shown in Fig. 48(b). It can be 
seen that tlic partial shield provides high frequency 
noise reduction at all angles, but the effect is 
most pronounced in the oft quadrant (0 " 135°). 

Since it is in the aft quadrant where jet noise 
peaks, significant peak perceived noioe level (PNL) 
reductions should result. Perceived noise level 
directivities, scaled up to a nominally full-size 
engine, for these same conditions, indicate tliat 
shielding benefits can be observed at all angles, 
and tho reduction in peak PNL is about 4 PNdB. 
these promising results indicate that the thermal 
acoustic sliiold should be further investigated 
since the present study wos exploratory and the 
geometry by no means optimized. Lewis has initia- 


ted a Kodol-acalo contract study by General Elec- ; 

trie (with Booing so subcontractor) of the thoraal ! 

acoustic ahiold integrated with several basic not- ; 

zle typos t ^ 

(a) Annular plug (single stream/ I 

(b) Annular plug with suppressor elements i 

(c) Coannular (dual stresm) unsuppressod | 

(d) Coannular with outer stream suppressor f 

Conv - -Ront-Pivcrgcnt Nozzle Terminations 

Convergent-d ivergcint tOki:>inations have been 
shown to reduce tlK. shock noise of s ingle-stream 
circular nozzles. Lewis currently is sponsoring 
teats St GE to detennino whether convergent-diver- 
gent terminations can be used to reduce the shock 
noiso of single-stream annular plug and suppressor 
nozzles. This study has been extended to include 
dual-stream suppressed and unsuppressod configura- 
tions (Fig. 49). For unsuppressed nozzles, reduc- 
ing tho shock noiso would not significantly reduce 
tho peak noise, but could reduce the BPNL by as 
much as 2 EPNdB. With suppressors, it is possible 
that oven tho peak noiso may bo reduced. 

Vented Plug Nozzle 

Another concept which appears attractive for 
high-spocific-thruot engines is the annular plug 
nozzle with the plug venrilatod by ambient air, 
thereby producing an invorted-velocity-prof ilo co- 
annular nozzle. Boeing has obtained some promising | 

results by oimulating the ambient inner flow (or j 

this arrangement, termed "Noturally Aspirated Co- | 

annular Nozzle" by Boeing. The implementation '.id j 

a prediction of the potential for this typo of con- > 

cept is illuotratod in Fig. 50(a). As the inner I 

(aspirated ambient) flow is increased, the peak < 

noise level is reduced until sn essentially asymp- 
totic level is reached. Noise reduction is ob- I 

tained at middle and high frequency as shown in i 

Fig. 50(b) for conditions near the knee of tho PNL | 

reduction vorsua mass flow ratio curve. Tho main | 

technical concern with this concept is the ability j 

to obtain sufficient inner mass flow with reason- j 

able peiformancc. A contract has been awarded to i 

Booing to conduct the needed aerodynamic design and | 

wind-tunnel performance studios. | 

I 

W)iat Was Accomplished 

As was mentioned at the beginning of this 
paper, the goal of the SCR program was to Identify i 

and inveatigate areas requiri.ig new and/or improved 
technology that would lead to a second generation 
supersonic aircraft that was economically viable 

and environmentally acceptable. A comparison of | 

tho noise of this second generation S3T to the 1971 

SST is shown in Fig. 5. As can be seen, the noise 

level achievable is over 10 EPNdb quieter ond the 

gross weight has decreased by about 15 percent. 

The oircraft in fact would be quieter than the vost 
mojority of the subsonic aircraft in operation 
today . 

The key elements in achieving this improved 
performance in terms of noise were identified as 
the inverted velocity profile nozzle, light weight 
efficient (low thrust loss) suppressors, acousti- 
cally treated ejectors, and the thermal shield. 

A key element identified for improved perform- 
ance was a low-emissions staged duct burner with 
excellent combustion and thrust efficiency. It 
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• >•0 de«onttr«trJ a soft light capaMlUy and did 
not produce acreocht Another algnlllcant achieve' 
Riant waa the forward VABl concept which allowed two 
bypaaa atreana to le combined. In conjunction with 
the rear VABI, thla coyblned flow could chon be 
oonblnod with the turbine dlachargo flow Into a 
•Ingle e^hauat atream for efficient crulao porfonn- 
ance. Thla greatly ainpllftoa the noscle require- 
menta and leada to a almple light-weight noscle for 
a three flow atreaia engine. 

The variable cyclo engine concopta in addition 
to offering reduced noise showed additional advan- 
tages In enhanced airflow oKcenalon. Thla greater 
airflow capability leada to a reduction In throttle- 
dependent inatallatlon drag at part-throttle cub- 
•onlc crulsv conditions. 

Each of the engine cooipanlea covered In great 
detail the advanced technology requlrementa chat 
they Incorporated In their engines. To go into 
these, component by component, is beyond Che scope 
of this paper. The reader la referred to Refs. 1 
and 2 for these detaila. 

In addition, other work in oconnoctlor with 
the SCR propulsion program such aa on inlets, 
Boron-Aluminum fan blades, and the supersonic 
through-flow fan has also not been included in this 
paper. 


Hie Langley Research Center has published two 
blbliographloB'J •«/ of gu of The Contractor 
Final ReporCa, NASA reports, and society papers and 
Journal articles concerning the SCR program through 
1980 (A13 In all). It la not known at this time 
whether another bibliography covering the reports 
since 1960 will bo pubUehad. 
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Figure 1. * 1971 propulsion status - U. S. SST. 
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Figure 2. - Engine requires ents for typical supersonic 
transport 
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Figure 4. - The SCAR propulsion program. 
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(b) Variable stream control engine. 

Figure 5. - Pratt and Whitney variable cycle engines. 
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(a) Ujublo bypass. /\p]- vabi 



(b) Single bypass. 

Figure 6. - General Electric variable cycle engines. 
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Figure 7. - SCR propulsion program. 
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Figures. - Flow scliomoticof Invortod-voloclty-profilo 
coannulor Jets. 
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reference nozzle as a function of characteristic 
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Figure 10. - Pealc noise level os function of oute^stream velocity for typical 
Invorted-veloclty-proflle coannulnr nozzles. Sideline distance, 649 m 
(2123 ft); altitude, 366 m (1200 ft); V^ ^ 1.5 V,. 



c>'’u:nal page fs 
PCOR OUALirV 


«i 

sf^ 

i/l 

S 


MOOtL SCALE 


f’tp^a * L Tp • K 0 ■ nO° 

P^/Pj-2.5 T, -395 - 700° K 



100 ' ' ' ' 

400 4M WO S50 600 650 


FAN JET VELOCITY - mps 


Figure 11, - Effect of take-off speed on OASPL of coannular 
nozzle. 



figure 12. - Double bypass engine. 
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TOP VIEW - OUTER DUCT VALVE OPEN - DOIBLE BYPASS OPERATION 
> LOW NOISE MODE/PART POWER MODE/ 
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Figure 14. - NASA forward VABI test demo. 
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Figure 15. - Forward VABI testbed engine performance 
data. 
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f Iqurt 16. * YJIOI Mrly Koustlc trsttMd enqine. 



Figure 17. - Coannular noise test of GE engine. 
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Figure 18. - Coannular noise test o( G. E. 
engine. 
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Figure 21. - Full engine performance test at Edwartfs AFC 
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Ftqur* 22. * YJl01/core-<lrwtn teittMd tngint. 


D0U81F 3YPASS OPERATION IMPROVES AlRfLOW AND 5FC TO 
PROVIDE BEHER INintNCINE/EXHAUST SYSTEM MATCH FOR 
MINIMUM SUBSONIC FUEL BURN 



Figure 23. - GE YJIOI/COFS Edwards performance results at S0% 
thrust 
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Figure 26. * Variable stream control enqine. 
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Figure 27 . * TekeoFI, subsonic cruise end supersonic cruise eonhguretlons For 
Prett end Whitney verieble stream control enqine 
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Figure 28. - Comparison of VSCE-502B ano ^ostbed configuration. 
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Figure 29. - VSCE - 502B ejector nozzle. 
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Figure 30. - VSCE-502B nozzle in 8'x6' supersonic wind tunnel. 


'JT 


2 

lu 

O 

b 

o 

o 


QC 

£ 


L/T 

V/T 

o 


oe 

o 


l.iX), 
. ‘)4! 


SCR 

STUDY GOA IS 


n 


TAKEOFF 


.RO 


.88 



1 . 

.S 


SUPERSONIC m 
CRUISE ^ 


□ SUBSONIC 
CRUISE 

1 L I 

1. 0 1.5 2. 0 

MACH NO. 


Figure 31. - Pratt and Whitney nozzle thrust perlormance. 
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Figure 32. - Pratt and Whitnoy tliroo-stago vorblx duct burner. 
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Figure 34. - VSCE-502B exhaust emissions estimates. 
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Figure 36. Inverted-velocIty-prDfile coannular nozzle jet noise 
sources. 
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AST MISSION B, 7408 km (4000 nmi) RANGE 
TAKEOF BF = 3. 78 km (B, 400 ft) 
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Figure 44 - General Electric Company engines - takeoff gross Rgure 45. - Change in TOGW for dianges in compo- 

welght (TOGW) as function of noise level. nent technology. 
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(a) Typical configuration. 



Figure 47. - Outer stream suppressor with lined ejector. 



la) Typical configuration. 
Figure 48. - Thermal acoustic shield. 
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